Higher order modes (HOMs) may affect beam stability and refrigeration requirements of superconducting proton linacs such as the Superconducting Proton Linac, which is studied at CERN. Under certain conditions beam-induced HOMs can accumulate sufficient energy to destabilize the beam or quench the superconducting cavities. In order to limit these effects, CERN considers the use of coaxial HOM couplers on the cutoff tubes of the 5-cell superconducting cavities. These couplers consist of resonant antennas shaped as loops or probes, which are designed to couple to potentially dangerous modes while sufficiently rejecting the fundamental mode. In this paper, the design process is presented and a comparison is made between various designs for the high-beta SPL cavities, which operate at 704.4 MHz. The rf and thermal behavior as well as mechanical aspects are discussed. In order to verify the designs, a rapid prototype for the favored coupler was fabricated and characterized on a low-power test-stand.
I. INTRODUCTION
A bunch of charged particles propagating through a cavity will not only absorb energy from the rf field in order to be accelerated, but it also creates so-called wakefields. Depending on the spectrum of the beam, the shape of the cavity, the repetition rate of the beam, and the chopping pattern, these fields can lead to a resonant build-up and potentially influence the performance of the cavity or impact the beam dynamics. Often it is necessary to install dampers, waveguides, or coaxial couplers to reduce higher order mode (HOM) effects. The latter option has been chosen for the Superconducting Proton Linac (SPL) at CERN, Geneva [1] .
The superconducting part of the SPL is composed of two types of cavities operating at 704.4 MHz in pulsed mode with geometrical beta values' of 0.65 and 1. Some main parameters are summarized in Tables I and II. In spite of the experience of the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL), USA, 1 the use of HOM coupler ( Fig. 1 ) on the cutoff tubes of the five-cell cavities is considered necessary to allow any conceivable beam pattern. The design goal of the HOM filter is to block the transmission of the fundamental mode, while transmitting potentially dangerous HOMs. These modes are characterized by significant (R=Q) values, which represent the interaction between the beam and the rf-field inside the cavity.
Preceding studies [4, 5] of the influence of HOMs on the beam stability in the SPL identified the modes shown in Fig. 2 for the high-beta cavities, which are the focus of this paper. Information about the influence of HOMs with respect to the medium-beta cavities can be found in [4, 6] .
One of the most important design parameters of a HOM coupler is the external quality factor Q ext , which describes the coupling to the modes or their damping by the coupler, respectively. The external quality factor Q ext is related to [3] .
the intrinsic quality factor of the cavity Q 0 by the coupling factor β according to:
with SWR as the voltage standing wave ratio. The upper sign applies in case of over-coupling whereas the lower one stands for under-coupling [7] . The recommended damping for monopole HOMs is Q ext ∼ 10 5 [8] . This parameter plays an important role for the adjustment (penetration depth of the coupling antenna into the cutoff tube) and will be discussed in Secs. III and VI. This paper is organized as follows: Sec. II summarizes rf measurements carried out on copper and niobium cavities. These measurements refer to HOM spectra and the fundamental passband and confirm the results of previous simulation studies [4, 6] . In Sec. III, the design and optimization process of the HOM coupler with respect to its rf filter characteristic is described. Seven different designs, each of them optimized for the high-beta SPL cavities, are presented. Figure 1 shows the three main design types. In Sec. IV, the heat loss as well as the extracted power is estimated. Recommendations for cooling requirements are made. A 3D-printed prototype is then presented in Sec. VI along with results of low-power measurements and comparisons with simulations. Finally, Sec. VII draws conclusions.
II. RF MEASUREMENTS OF THE CAVITIES
The HOM spectrum, essential for the design of a suitable HOM filter, has already been simulated and presented [4, 6] . This section presents the first low-power measurements for the high-beta SPL cavities carried out on two copper cavities and four niobium cavities. The measurements comprise the mode frequency, the quality factor, and the field distribution which has been used to identify modes. The following types of measurements have been performed: (i) Low-power reflection and transmission type measurements (S 11 and S 21 ) at room temperature for four niobium cavities to identify mode frequencies as well as the loaded and intrinsic quality factors (Q L , Q 0 ) [9, 10] .
(ii) Low-power transmission type measurements (S 21 ) at low temperatures to evaluate frequency shifts during cooldown. (iii) Bead-pull measurements for a niobium cavity to determine the field pattern along the bead path.
The absolute values of Q L and Q 0 at room temperature do not give any useful information about the cavity in its superconducting state. However, the spread of those values between the fabricated cavities is of interest. The same is true for the HOM frequencies especially in terms of intercavity mode cross-talk [11] . The Q and frequency spreads also result in design requirements for the HOM coupler in relation to its sensitivity and robustness (Sec. III). Figure 3 summarizes the results of Q 0 measurements at warm and compares with frequency domain simulations using CST MICROWAVE STUDIO ® (CST MWS) [12] . All values refer to room temperature. For the fundamental pass band the measured Q-values reach >97% of the simulated values indicating an excellent surface quality with minimum roughness. The measured Q 0 spread of the HOMs in Fig. 3 is below 10% and is therefore very consistent between the different cavities.
A. Frequencies and quality factors
Most of the modes with high (R=Q) values exhibit a frequency spread of <1 MHz (Fig. 4) . The majority of the investigated modes up to 2.1 GHz shows a variation of less than 3 MHz. The relatively low frequency variance relaxes the requirements for the HOM coupler with respect to the needed bandwidth around the HOMs (see Sec. III C). Furthermore, it allows a very precise adjustment of the coupler to specific HOMs. There is a comparably high spread of the TM 021 mode at around 2.09 GHz, but this is less problematic.
The frequency of modes up to 2.5 GHz was also measured at 2 K in order to evaluate the frequency shift during cool-down. The results agree well with calculations based on thermal contraction according to the relation Δf=f ¼ −ΔL=L, with ΔL=L ¼ 0.143% for bulk niobium. For example, the frequency of the fundamental mode decreases by 1 MHz [13] .
B. Field characterization
The field distribution of selected modes has been analyzed with bead-pull measurements [7] to identify the modes and to assign the simulated (R=Q) values as Fig. 2 to the measured modes. We use a dielectric bead, which primarily perturbs the electric field. Figure 5 shows a comparison of the measured frequency shift (proportional to the magnitude of the electric field squared) and the corresponding field pattern resulting from an eigenmode simulation.
The TM 011 π mode at ∼1.33 GHz shown in Fig. 5 is obviously concentrated in one of the end cells, which allows a good coupling by a HOM coupler on the corresponding cutoff tube.
III. COUPLER DESIGN PROCESS AND RF CHARACTERISTICS
The HOM coupler is designed to provide minimal transmission at the operating mode frequency while good transmission at the HOM frequencies (Fig. 2) . Furthermore, the design needs to optimize the multipacting behavior, allow the heat load to be investigated, minimize the mechanical complexity, and maximize the tolerances in order to keep the cost at a reasonable level. Due to this multiphysical problem, the approach to a coupler design is quite heuristic and hence requires comparison with other approaches. We considered a total of seven designs (Figs. 6 and 7), which have been optimized in terms of rf characteristics also considering fundamental mechanical limitations (e.g. maximum height). These designs were then assessed in terms of Q ext , heat load, monopole coupling, dipole coupling, robustness, and tunability. 
A. Design process
We start the design process with a synthesis of the rf filter characteristics. The PROBE V3 coupler (Fig. 7) serves as reference in the following. For analyzing and optimizing each coupler design, simplified equivalent circuit models have been used (see Fig. 8 ). The electrical circuit consists of two interlinked parts: (i) The (primary) notch filter (Ln, Cn) with a resonance frequency equal to the operating frequency of the cavity in order to reject the fundamental mode. (ii) A high pass filter, for the transmission of the HOMs which can be modeled by coupled resonant circuits. The first part is not always mandatory because it can also be part of the HOM transmission network as in Fig. 8 (secondary notch). Here, in fact, the inductance L3 is caused by scattering effects of M23 and M34 which are high enough to create a parallel circuit with C3 resonating at around 704 MHz and forming the (secondary) notch filter. However, depending on the filter order, the rejection of the fundamental mode might not be sufficient. In this case an additional notch filter is necessary to increase the rejection and/or to provide a larger bandwidth of the notch filter. A second order Chebyshev high pass filter as for example considered in [14] , does not necessarily require an additional notch filter. In contrast, filters with an order greater than one always yield more complex designs, such as the PROBE V2, V3 and the HOOK V3 coupler in Fig. 6 .
Additionally, the design needs to take into account the ceramic window at the feed-through with its relative high capacitance. This capacitance (C5 shown in Fig. 8 ) impacts notably the matching to the 50 Ω load (impedance of the rf cable).
The capacitors and inductances of the lumped circuit model are determined with respect to the fundamental mode as well as the HOM spectrum [4] . Finally, the lumped circuit model will be converted into an equivalent transmission line (TML) circuit which defines the different lengths of the coupler parts at one frequency [15, 16] . This frequency has to be a middle frequency of the considered HOMs so that we obtain an estimation of the part lengths rather than optimal parameters for the 3D model. This approximation is then refined using 3D simulation tools such as CST MWS [12] and ANSYS ® HFSS [17] . Figure 9 compares the transmission behavior of the PROBE V3 coupler simulated by HFSS with its equivalent transmission line model (Figs. 7 and 8 ). The TML model describes reasonable well the relationship between the coupler geometry and the filter characteristics of the coupler, particularly in the passband of the filter (>900 MHz). The effect of parameter l2 on the notch filter ( Fig. 9) however, is not covered by the simplified model as it does not foresee any coupling between the inductances Ln and L2.
In all designs the following mechanical limitations and preferences apply: (i) The tube diameter is fixed to 45 mm and the diameter of the HOM antenna should be as large as possible to simplify the fabrication of a hollow antenna which can be actively cooled by liquid helium. A larger diameter reduces the space inside the tube, which decreases the scope of inductances (Ln, M23, M34 in Fig. 8 ). A diameter of 10.5 mm was chosen as a compromise. (ii) The distance between flange and cutoff tube is 46 mm and the coupler should penetrate the cutoff tube in a range between 0 and 15 mm. This limits, for example, the lengths l1 and l2 in the transmission line model in Fig. 8. ( iii) The maximum length of the coupler is 150 mm measured from the flange to the rf connector.
B. Optimization and transmission behavior
In order to optimize the pure transmission characteristic, the HOM couplers were mounted on a tapered beam pipe section for the simulation (Fig. 1) . Terminating the ends of the beam pipes with waveguide ports allows the excitation of monopole as well as dipole modes, whereas a TEM mode is transmitted out of the coaxial output of the coupler. For a faster optimization, the HOM coupler tube can be directly terminated by a port. The results concerning the resonances of the S 21 curve are nearly the same as for the more complex and time consuming models. In both cases basically two S-parameters are of interest: the TM 01 -TEM transmission describing monopole coupling and the TE 11 -TEM transmission describing the dipole coupling (Fig. 10) .
Taking into account potentially dangerous HOMs (Fig. 2) , the optimization of the initial design coming from the TML model has been subjected to the following priorities: 1. Rejection of the fundamental mode at 704.4 MHz (adjustment of the notch filter). 2. Transmission of the TM 011 monopole modes at around 1.33 GHz with (R=Q) up to 140 Ω. 3. Optional: Transmission of the TE 111 dipole modes at around 940 MHz with (R=Q) up to 60 Ω. The optimization incorporates numerous tuning parameters such as those shown in Fig. 7 . Some of them are not part of the TML model (e.g. hook radius r1). It is preferable to first adjust the mutual inductances M23 and M34 (parameter d3 and d4 in Fig. 7 ) to achieve a similar passband behavior of the filter as predicted by the TML model. A horizontal displacement of the antenna by the parameter d0 allows higher inductances without greatly reducing the diameters d3 and d4. Afterwards, the lengths l1 and l2 can be tuned. They have the main influence on the passband resonances. The primary notch filter is mainly determined by the gap (gap1) and the plate size (wn2 × hn). The gap distance ranges between 0.7 and 1.0 mm for the considered designs. The secondary notch is mainly influenced by the length l3 as well as the gap size of C3 (gap2) which is approximately 1.5 mm. The capacitor C4 and the length l4 affect the matching to the 50 Ω load. By changing these two parameters, the resonances in the passband of the filter ( Fig. 9 ) become either more pronounced or smoother and more damped. This procedure has to be repeated several times as many parameters affect each other. Also, the radius of the HOM antenna (d1) is optimized at this stage.
The results for the rf optimized couplers including the beam pipe section are shown in Fig. 10 . The notches in the upper frequency range (1.7 to 2.3 GHz) of the transmission curves correspond to cutoff frequencies of the related traveling modes in the beam pipe section. The HOM coupler has a negligible influence on those resonances. Furthermore, no dangerous HOMs are expected for the high-beta SPL cavities in this frequency range.
The different design approaches can be classified according to (i) the number of notches to reject the fundamental mode, which corresponds to the filter order, (ii) the type of coupling (loop or probe antenna).
The first criterion is linked to the complexity of the coupler. The designs PROBE V2, V3, and HOOK V3 in Fig. 6 feature two notches, which provide a higher attenuation over a considerably larger frequency range. The bandwidths of the double and single notch filters are summarized in Table III and range from a few MHz up to more than 200 MHz at −100 dB. Besides the better rejection, those couplers with higher filter order also show a steeper transition between stop and passband. Due to this fact, modes of the very first HOM band (1st dipole band at ∼920 MHz) can already be damped more efficiently as shown in Fig. 10 (c) and (d). Moreover, the filter order also corresponds to the maximum possible number of resonances in the passband to enable the damping of specific HOMs. However, the use of more than one notch results in a more challenging fabrication of the coupler. More welds are required which increases the risk of vacuum leaks and also the cleaning becomes more difficult.
The second criterion to classify HOM couplers is related to the shape of the coupling antenna, which features either a dominating electric (probe antenna, first three designs in mostly couples to the magnetic field and can therefore be called a loop coupler, but this depends on the shape of the probe extremity. The longer this extremity, the stronger is the electric coupling compared to the magnetic one.
The modified TESLA design has a very narrow notch filter, which is however much easier to tune than for other couplers [19] . A notch filter close to the beam pipe concentrates the surface loss of the fundamental mode in the HOM coupler mainly at the coupling antenna. In case of the TESLA design, which features the notch filter on the opposite side as far as possible from the beam pipe, the field is slightly less concentrated (Sec. IVA) than for the other designs. In the end, the TESLA coupler had to be excluded for the SPL cavity due to mechanical restrictions. The design shown in Fig. 6 (g) is not feasible, because both fixings are below the flange whose position is marked by the "zero" level. Shifting these fixings above the flange would spoil the whole rf performance. The only solution would be to weld the fixings onto the port, but then the HOM couplers would no longer be removable. Hence, we consider the modified TESLA design only for comparison but not as an option for the SPL. The hook designs are characterized by their dipole coupling (especially for the first dipole band at ∼920 MHz), whereas the probe designs provide a better damping of the TM 011 modes at 1.33 GHz. From all the considered design approaches, the PROBE V3 and the HOOK V3 coupler [ Fig. 6 (c) and (d)] achieve the best rf performance also in terms of robustness as discussed in Sec. III C.
C. Sensitivity analysis
The mechanical tolerance of a coupler should not be smaller than AE0.2 mm to limit the cost of fabrication. The most sensitive parts are the capacitors of the notch filter (Fig. 8) . The corresponding capacitive gaps are usually less than 1 mm, which causes the high mechanical sensitivity. In case of the single notch designs (e.g. PROBE V1 in Fig. 11 ), the sensitivity is very high, which makes a precise tuning of the installed coupler mandatory. In contrast, the tuning of double notch HOM couplers is much easier or even not needed if a tolerance of AE0.2 mm is kept.
A detailed sensitivity analysis has been carried out using the simulation models mentioned in Sec. III B including the tapered beam pipe section. In doing so, the gap distances of the notch filter have been varied in a range of AE0.3 mm with a step size of AE0.03 mm in order to analyze the dependency (linear or nonlinear) of the notch filter frequency on the gap width. Besides the impact on the notch resonances, the effect on the damping limits in the stop and passband, the influence on resonances in the passband as well as the band width variation of the notch filter have been recorded as shown in Table III . The results clearly underline the higher robustness Fig. 8 ). For the coupler with a single notch filter (PROBE V1), the bandwidth is measured at −100 dB. For the couplers with double notches (PROBE V2, V3), it is measured via the distance between both notch frequencies. The more they deviate the less damping will be achieved in between and they become separate single notch filters.
of double notch designs. Most of the dependencies appear to be linear in the considered parameter range. Figure 11 compares the probe couplers in terms of the notch filter frequency as a function of the gap distance.
D. External Q simulations
Finally, the damping of the HOMs in the SPL cavity has been studied by eigenmode simulations using CST MWS. For this purpose, two HOM couplers have been considered, one on each end of the cavity with a penetration depth of 20 mm. The cutoff tubes have diameters of 135 and 140 mm. The results are shown in Fig. 12 for the first two dipole bands (TM 011 , TM 021 ). Q ext values range between 10 3 to 10 6 . In Sec. VI, this kind of simulation is compared with prototype measurements in order to confirm the simulated values of Q ext . Figure 12 illustrates the different damping characteristics of the hook and probe antennas. The hook couplers provide higher damping of the dipole modes while the probe couplers provide a better damping of the monopole modes around 1.33 GHz. The simulation results give an indication of the expected order of magnitude for the external Q values. Eventually, the penetration depth of the coupler has to be adjusted in order to reduce or increase the damping. Deeper penetration of the coupler would result in stronger damping, however the coupler may incur higher rf heating, which may cause the cavity to quench.
IV. THERMAL ANALYSIS
A number of thermal and coupled rf-thermal simulations have been carried out in order to define cooling requirements that ensure a stable superconducting state of the coupler surface. In contrast to normal conducting applications, we are more interested in peak temperatures rather than the average heat loss. Once the coupler quenches and becomes normal conducting, the dissipated power in the surface rises by several orders of magnitude, which could potentially burn and melt parts of the coupler [2, 20] . We consider two different heat sources for the HOM coupler, which act on the input and output side: (i) Power dissipation caused by the electromagnetic fields in the coupler (extracted from the cavity). (ii) Heat transfer via the rf cable, which extracts the HOM power. Depending on the operating mode of the cavity and on the number of excited HOMs, the power dissipation may vary widely. Hence, it is not necessarily dominating the overall thermal load. However, this part is more difficult to estimate as it depends on beam excited modes and on the surface resistance which is strongly dependent on the surface preparation. Both aspects require measurements to make a reasonable estimate of the dissipated power. We therefore consider different case scenarios for the simulations and deduce from those results a temperature range at which the couplers operate.
Likewise, the second heat source (heat transfer) should not be underestimated. A certain cable length inside the cryo module (Fig. 13 ) and the use of heat intercepts may reduce the heat transfer to the coupler significantly. In the following we discuss both aspects. 
A. Rf heating
The analysis is split in two parts, the rf simulation and the subsequent steady state thermal simulation. The first provides the surface current on the cavity wall which is related to the heat flux density in the thermal simulation via the surface resistance. The uncertainty of the surface resistance as discussed in the following preclude a precise evaluation of the coupler temperature. Instead, we propose to evaluate the temperature ranges in correlation to the surface resistance in which the coupler can operate stably.
Rf simulation
We first consider the electromagnetic field of the fundamental mode and HOMs with high (R=Q)-values calculated for a 3D model including the 5-cell cavity, two HOM couplers and the power coupler (Fig. 13) . For each mode we may define an electric current on the coupler surface according to:
where the index zero corresponds to the fundamental mode. The surface current and dissipated power are connected via the surface resistance composed by R BCS according to the BCS theory [21] and R res , the temperature-independent residual resistance [22] . A computer code originally written by Halbritter [23] is used to calculate the temperature dependent part of the surface resistance up to the critical temperature. The residual resistance for bulk niobium is calculated by (2.27) in [22] showing a quadratic dependency on the frequency. From the measurements presented in [24] , R res can be estimated to a few nanoohms, hence, is a minor contribution to the total surface resistance that we will consider later. The calculations are limited by our incomplete knowledge of the material properties represented by the residual resistance ratio RRR [7] . The latter depends on surface treatments, local impurities and welds [20] . For the sake of simplicity, we assume homogeneously distributed surface properties.
We introduce a free variable R 0 which defines the homogenous surface resistance at 704.4 MHz. Later on, we will investigate the correlation between this parameter and the coupler temperature for different RRR in order to derive possible thermal conditions. The local surface density of the dissipated power, ∂P dissipated =∂A, serves as input for the heat analysis. As we consider a limited number of modes we approximate the total heat flow on the coupler surfaces as follows:
with ω i as the circular frequency of the ith mode. This approximation is backed up by several R BCS calculations also showing the quadratic dependency on the frequency within a temperature range below the critical temperature. We calculate the fundamental mode by frequency domain simulations with the power coupler as excitation source in order to incorporate potential coupling effects between the power and HOM coupler, which face each other on one side of the cavity. As the cavity provides one HOM coupler on each end, the location of the considered HOM coupler is specified in the following by either "input coupler side" or "tuner side" (Fig. 13) . The field of the fundamental mode is mainly concentrated at the hook or probe antenna penetrating the cutoff tube (Fig. 14) . The peak field values are summarized in Table IV . For the two coupler positions they range between 4 to 15 mT or 3 to 18 MV=m, respectively. The field in the gap of the (primary) notch filter is about 30%-50% lower than the maximum values on the antennas/ loops. The surface current and with it the dissipated power vary between the designs by 30%. Here, the hook designs have an advantage when compared to the probe designs.
Note, the surface currents are significantly higher throughout for the HOM coupler on the tuner side. This is due to the fact that this coupler is located almost ten millimeters closer to the cavity than the coupler on the input coupler side. The latter could be inserted a few millimeters further into the cutoff tube but its performance would still not reach the level of the coupler on the tuner side. This is a drawback of the current cavity design and should be taken into account for future designs. In the following, we exclude the coupler on the input coupler side from our considerations since it is generally more weakly loaded.
In order to scale HOMs we may use the spectrum of the loss factor, k ∥ , obtained by a wakefield simulation. Together with the specified peak beam current, I b , and the bunch charge, q b , the total HOM power for a SPL cavity yields:
This result confirms what was already concluded in [5] by beam dynamic simulations: HOMs are not critical for a stable operation of the SPL cavities as long as they are sufficiently far away from machine lines. However, as mentioned in the introduction, the machine lines depend also on the chopping pattern and may appear at any frequency. Therefore, it is difficult to predict the actual HOM power which may vary in a wide range even between the fabricated cavities (see frequency spread in Fig. 4) . Based on the studies that have been done in [5] and the size limitation (45 mm HOM port diameter) it was decided to define the maximum feasible extracted HOM power per coupler to 100 W. This restriction allows us to scale the HOMs assuming the worst case scenario.
The field distributions shown in Figure 15 are scaled to 1 W output power and may easily be rescaled. It also illustrates which modes couple well and therefore dissipate less power on the coupler surface for a given extracted power. In Figure 16 , the resulting surface currents are compared between the considered HOMs. Since the hook designs as well as the PROBE V3 coupler offer a better transmission of the first dipole modes, these modes create considerably lower surface currents with respect to the extracted power.
Even if in most cases the surface currents are higher for the fundamental mode (Table IV) than for the HOMs (Fig. 16 , assuming an overall extracted HOM power of 100 W), one cannot conclude that this mode dominates the dissipated power because of the quadratic rise of the surface resistance with the frequency. Thus for the TM 011 mode at 1.33 GHz, the resistance is around four times higher than for the fundamental mode at 704.4 MHz and for the TM 021 at 2.086 GHz it rises by almost one order of magnitude. From (2) and (3) we derive a relation between the contributed dissipated power originated from the HOMs and from the fundamental mode on the coupler surface according to: 
If we weigh all considered HOMs by their (R=Q)-values and assume an accumulated output power of 100 W, the fundamental mode dominates the total dissipated power with more than 60%. The only exception is the TESLA design where the HOMs dominate with 65%.
Thermal simulation
In the following, the thermal analysis is presented for the PROBE V3 coupler where the fundamental mode takes around 75% of the total dissipated power. Based on the scaled magnetic fields we are able to create a composed heat flow serving as boundary condition for our steady state thermal analysis (ANSYS). Furthermore the cavity wall is assumed to be at a fixed temperature of 2 K (Fig. 17 left) . The temperature dependent materials considered for the thermal simulation are summarized in Table V . The thermal conductivity of niobium significantly depends on its residual resistance ratio. Before manufacturing the coupler, the pure material will have a RRR of 300. During the fabrication, this value will change only marginally. For comparison, we consider the values 60 and 380 in the simulations.
The temperature dependency of the surface resistance yields an implicit formulation of the steady state thermal problem. The thermal simulation provides the peak temperature on the coupler surface as a function of the reference surface resistance R 0 and the residual resistance ratio of niobium:
The reference surface resistance again is a function of the temperature and in the worst case may be expressed as:
MHz. This conservative approach assumes a homogeneously distributed surface resistance determined by the maximum temperature on the coupler surface. Instead of solving the implicit problem (5) directly within ANSYS, we use a graphical approach that allows to discuss quantitatively and qualitatively not only the temperature range but also the range of the reference surface resistance in which the coupler operates stably. Figure 18 shows the results of the thermal simulations for both the low and high RRR values. It depicts the simulated maximum temperature on the coupler surface as a function of the reference surface resistance R 0 according to (5a) (solid curves). Besides the pure coupler model we consider two cases in which the coupler is cooled by thermal conductivity at 2 and 4 K as shown in Fig. 17 . In order to find the solutions which fulfill (5b), the inverse function of the BCS surface resistance is shown in dashed black in Fig. 18 for three different frequencies between 0.7 and 2.1 GHz. It would be sufficient to only consider R BCS at f 0 ¼ 704.4 MHz as claimed by (5b), but considering different frequencies introduces a certain fuzziness (highlighted in gray). Instead of a precise value, we determine a range for the maximum temperature on the coupler surface that may be interpreted with a standard deviation or accuracy. The interceptions of the solid curves in Fig. 18 with the gray zones yield a thermal equilibrium. This is also true for any other heat source, such as the heat transfer via the output port discussed in the next section.
If due to any transitional effect (e.g. pressure fluctuations) a nonequilibrium state above the gray zone is taken, then the temperature would rise until entering in an equilibrium state. On the other hand, the temperature would decrease if a state below the gray zone is taken. For example in Fig. 18(a) , the coupler will never have a stable temperature below 4.2 K if a 4 K thermalization is applied. With a 2 K cooling contact or even without additional cooling the temperature could always return to close to 2 K as long as R 0 < 5 μΩ. Indeed, the cooling [25] mechanism acts only at higher temperatures with T > 6 K. Furthermore, a thermalization at 4 K seems inefficient. This is true also for higher RRR [ Fig. 18(b) ]. For RRR ¼ 60 [ Fig. 18(a) ], the heat cannot be evacuated anymore if the temperature rises above 8.8 K at surface resistances of R 0 > 20 μΩ and the coupler quenches. However, it might work up to a temperature of 8 AE 0.5 K and R 0 ≤ 10 μΩ. A cooling plate at 2 K may allow half a degree more and twice the surface resistance. But the more important result is that a surface resistance in this order is very high and unlikely, which means the coupler would generally operate at temperatures close to 2 K even without cooling mechanisms.
For RRR ¼ 380 [ Fig. 18(b) ], the situation becomes less critical due to the higher thermal conductivity. Here we may not even see any temperature increase above 2.1 K up to surface resistances of 0.1 mΩ.
To summarize this section, the heating of the HOM coupler by the electromagnetic fields appears to be minor unless the coupler is not well surface treated. A residual resistance ratio around 300 is realistic. The described analysis applied to the remaining couplers leads to very similar results with slightly better behavior for the hook couplers because their fixing at the tube wall is lower (Fig. 6) .
B. Heating from the outside
Another heat source is the rf cable as it constitutes a thermal bridge between the 50 K shield and the output port of the HOM coupler [27] . In this case, a pure steady state thermal analysis is carried out without taking into account electromagnetic fields. For this purpose, we consider the cavity at a temperature of 2 K and the output port extended by a length l RF cable with a constant temperature of 50 K at the end (Fig. 17 right) .
In Fig. 19 , the maximum temperature and heat load as functions of the cable length are shown. We assumed different radii for the inner conductor (1.00, 1.25, 1 .50, 1.75 mm) and a thickness of 0.25 mm for the outer conductor. For the considered cable parameters, the temperature easily exceeds the critical temperature of niobium. This is also the case for a relatively long distance to the 50 K shield and hence requires a cooling of the coupler tube and of the cable by heat intercepts.
In Fig. 20 , the modeled rf cable is assumed 500 mm long with a 2 mm thick inner conductor. Furthermore, a heat sink around the coupler tube is applied with a given contact temperature T contact . The coupler temperature and the heat load are considered as functions of the contact temperature. Besides the resulting peak values, the graph shows the heat load which has to be established by the heat sink to achieve the stated temperature values. In order to keep the temperature-dependent surface resistance as low as possible, a heat load ≥950 mW should be considered. In contrast the maximum power consumption for one HOM coupler should be ≤1 W. In the current design of the SPL cryostat, a cable length of 2 m is foreseen. Furthermore two heat intercepts are used along the cable to cool the outer conductor which reduces the heat transfer to less than 500 mW and provides enough margin.
V. MULTIPACTING
Multipacting is an avalanche-like growth of free electrons [28] that frequently occurs during the conditioning of rf cavities and couplers. It appears if the rf field drives electrons on repetitive trajectories providing a continuous impact on the wall and if impact energy and material specific electron yield (SEY) favor the emission of secondary electrons. Latter requires SEY > 1 at the impact energy (Fig. 21) . As a result, the temperature rapidly rises at the affected locations. Multipacting can considerably extend the processing time of a rf-device (soft barriers) or even limit its performance (hard barrier). Though it is a very serious obstacle for operation, we consider it at the very end of the design phase because a small change in the coupler geometry can have a major impact. Two independent programs have been used, both combining 3D electromagnetic field simulations with particle tracking: ACE3P (ADVANCED COMPUTATIONAL ELECTROMAGNETICS 3D PARALLEL) and CST MWS together with Particle Studio (PS). Details can be found in [29] [30] [31] [32] .
The model consists of the cavity and one HOM coupler installed on the tuner side. This means that possible multipacting barriers presented in this section would appear at slightly higher field levels if the coupler is installed on the other cutoff tube of the cavity. Furthermore, we restricted our investigations to the PROBE V3 and HOOK V3 coupler and eventual modifications. For comparison, we applied two different material properties shown in Fig. 21 with SEY peak values of 2.1 (in the following referred to as copper) and 1.5 (referred to as niobium).
The analysis in both codes is very similar: An eigenmode simulation carried out by either OMEGA3P (part of ACE3P) or CST MWS provides the rf field of the fundamental mode inside the HOM coupler which is subsequently used in the particular tracking code (TRACK3P or CST PS) to identify resonant trajectories and multipacting barriers. The latter is computationally more expensive for complete analyses of a rf device when more particles are tracked. Therefore, the initial particle emission from the entire coupler surface was subdivided into a total of 11 regions, hence, 11 separate simulations. Each simulation incorporates three field scans covering a gradient range of 5 kV=m to 30 MV=m. Most results presented here are obtained by ACE3P which allows detailed and relatively fast analysis using high-performance parallel computing. CST was used to verify particular multipacting barriers and to gradually reduce and suppress them by design modifications.
Both, the PROBE V3 and HOOK V3 coupler reveal qualitatively the same multipacting characteristics due to their similarities in the notch and HOM filter. Resonant trajectories were found at three regions which will be discussed separately in the following. With sufficiently high SEY, electrons on these trajectories result in two-point first order multipacting. 22, 23 and 24) . These correspond to a soft multipacting barrier because the trajectories are not stable and the particles gradually move out of the gap. Using the SEY of niobium (Fig. 21) , the averaged secondary electron yield hSEYi after 50 rf cycles is far below 1 because of impact energies that are too low (<60 eV). This means that, on average, no secondary electrons are excited. Instead, primary electrons will be absorbed. In case of copper, the impact energy suffices to emit secondary electrons and result in a maximum hSEYi of 1.25. However this averaged secondary electron yield is measured over the life time of a particle which does not necessarily guarantee that multipacting occurs. The particle evaluation simulated with the particle-in-cell solver from CST shows a saturation after 20 rf cycles and a subsequent decrease of the particle number ( Figure 24) .
A. Notch filter
Though multipacting seems not to be an issue at the notch filter we increased the roundings at the edges to allow the electrons to escape the gap more quickly. This is referred to as Model 2 in Fig. 22 . The energy range of the resonant trajectories is reduced, with a corresponding reduction in the hSEYi from 1.25 to 1.1, as shown in Fig. 23 . The effect of this modification can be best seen from the particle evaluation simulated with CST (Fig. 24) revealing an instant decrease of the electron number.
The same modification was applied to the HOOK V3 coupler before analyzing its multipacting characteristics [ Fig. 22(c) ]. The barrier covers a larger field range between 0.1 to 0.8 MV=m (Fig. 23 ). This is caused by resonant trajectories between the hook and tube directly below the notch plate. The averaged secondary electron yield is higher than for the previously discussed models but in the case of niobium this is still below one.
B. HOM passband filter
A hard multipacting barrier was found in the capacitor gap of the passband filter (C3 in Fig. 8 ) for the original PROBE V3 coupler which is referred to as Model 1 in Figs. 25 and 26 .
The potential of multipacting is also at a field level of 14 to 17 MV=m. Hence, the conditioning of the cavity or in the worst case its operation and performance are most likely influenced by this barrier. For this reason, we changed one of the capacitor plates from the original concave profile to a flat profile and then to a convex one (Fig. 25) . In the latter case the barrier is significantly reduced down to a range of 3 to 5 MV=m with a hSEYi < 0.9 for niobium (Model 3 in Figure 26 ). Basically, the same modification with slightly different dimensions was applied on the HOOK V3 coupler to likewise suppress multipacting at the HOM passband filter.
The vertically oriented capacitor (C4 in Fig. 8) is not affected by multipacting, however it was modified as shown in Figure 25 because of mechanical reasons (larger gap size requires larger surface).
C. Antenna
Both the PROBE V3 and the HOOK V3 coupler depict resonant trajectories at the rear side of their antennas (Fig. 27) . Due to the large distance to the tube wall, this behavior appears at relatively high field gradients starting from 5 MV=m (Fig. 28) . In spite of a high hSEYi, most of the corresponding particles show a very short life time of less than 15 rf cycles, hence no electron growth in the long term is possible. There is only one exception for the HOOK V3 coupler at around 30 MV=m. These trajectories are stable revealing a hard multipacting barrier. However, as the cavity is not supposed to operate at this field gradient, we retain the present design.
Coupler orientations different from the one shown in Figure 27 have been analyzed for the PROBE V3 coupler with qualitatively the same results: unstable trajectories. For the HOOK V3 coupler, this test was not necessary because any other orientation increases the coupling to the fundamental mode.
VI. 3D-PRINTED HOM COUPLER PROTOTYPE
Based on rf and thermal simulations for the designs in an earlier stage [33] , it was decided to fabricate a HOM coupler with probe antenna, basically a previous version of the PROBE V3 design. This coupler type was selected for the following features: (i) Notch filter with a relatively high bandwidth (140 MHz at −100 dB) and therefore very robust. (ii) High selectivity, meaning steep transition between stop band (notch filter) and passband. (iii) Best coupling to the monopole HOMs at 1.33 GHz. (iv) No active cooling of the antenna necessary (see Section IVA). The differences to the design shown in Figure 6 are minor and their effect on the rf characteristics is negligible. The newer version is slightly easier to fabricate. The prototype discussed in this paper is a 3D-printed model in order to accelerate the whole design process and to verify the transmission behavior. The rapid prototype is made of plastic and coated with copper (Fig. 29) .
A disadvantage of this prototype is the relatively high surface roughness of R t ¼ 240 μm 2 Nevertheless, after tuning the notch filter, the prototype has the simulated transmission behavior as presented in the following. Fig. 27 ). Below the darker colors are related to copper while the lighter colors are related to niobium. 2 Maximum height of the profile. them with simulations. All described measurements have been carried out with a copper SPL cavity at low power and at room temperature (Fig. 30) .
A. S 21 measurements
By default the coupler is adjusted as shown in Fig. 30 with a penetration depth of 11.5 mm and the capacitive plate facing the viewer, which means that the plate is perpendicular to the beam pipe axis as depicted in Fig. 1(a) . A rotatable flange allows a continuous variation of the antenna orientation. Furthermore, the plastic flange allows off-axis movement of the HOM coupler to change the gap distance of the (primary) notch filter. The passband is tuned by adjusting the distance of the feed-through to the coupler (C4 in Fig. 8 ). This distance affects especially the transmission for the first dipole band at around 900 MHz as well as for the second monopole band around 1.33 GHz. The coupler was tuned to get as close as possible to the simulated results. Figure 31 shows the transmission measured from a reference antenna at the beam port to the output port of the HOM coupler. The setup is exactly the same as shown in Fig. 30 . The measurement agrees reasonably well with the desired transmission in Fig. 10 for the PROBE V3 coupler. For a better comparison, a frequency domain simulation of the entire setup is shown in Figure 31 as well.
The rejection of the fundamental mode is larger than 110 dB. The transmission of modes in the second dipole band around 1 GHz is relatively weak with less than −35 dB, in case of the prototype. This was to be expected as the probe designs are not optimal for the first dipole bands.
B. Q ext measurements
Q ext was measured for modes up to 2.1 GHz. The standard procedure [9, 10] is as follows: (i) Measuring Q L by S 21 (transmission measurement). (ii) Measuring the coupling factor βj hom and βj input for the antennas from S 11 and S 22 , which is either the standing wave ratio (overcoupling) or its inverse (undercoupling). (iii) Determining
In case of a very low coupling, the error of the reflection type measurement based on S 11 or S 22 becomes significant, which appears easily at room temperature, i.e. 293 K. As an example, consider a mode with Q ext > 10 6 which results in β < 0.01 whereas it would be 5 orders of magnitude higher at 2 K. A possible way to bypass this problem and to achieve reliable results for those coupling factors requires a stronger coupled reference antenna (or in our case the input antenna). If we consider a mode which couples very weakly to the HOM coupler antenna, for example the fundamental mode, its coupling factor would be calculated according to formula (6) rather than using the standing wave ratio as described before:
The results are shown in Fig. 32 and details for the interesting modes can be found in Table VI . In parts they deviate significantly from their simulated value. This might be due to cavity imperfection and the high surface roughness of the coupler. Moreover, the cavity was tuned several times and detuned in previous tests, yielding a variation in mode frequency. Using only one coupler with a penetration depth of 11.5 mm, the external quality factor for modes in the TM 011   FIG. 29 . The 3D printed HOM coupler. The prototype is made of plastic and covered by a copper layer of approximately 0.1 mm thickness (PROBE V3).
FIG. 30. HOM coupler prototype mounted on a copper SPL cavity with a rotatable flange. Here, the rf transmission of the coupler is measured using a reference antenna at the beam pipe port close to the HOM antenna. The input coupler used for measurements involving the cavity characteristics (e.g. Q ext ) is on the other side of the cavity (not shown).
FIG. 31. S 21
Transmission from the beam pipe (using a probe antenna) to the HOM coupler port (Fig. 30) .
are close to 10 5 . For the measured TM 022 mode this value is increased by one order of magnitude and even more for some of the considered dipole modes (depending on their polarization). With a penetration depth of 15 mm and an additional HOM coupler on the input coupler side, Q ext would be below the specified limit of 10 5 for all regarded HOMs, according to simulations.
The different polarizations of dipole modes may vary in a wide range concerning their Q ext as it is depicted in Fig. 32 (only for the TE 111 band). However, only in a few cases were we able to successfully measure them separately using vector fitting methods to extract their quality factors [34] .
Moreover, we investigated the impact of the coupler orientation on Q ext . Here, the orientation is related to the azimuthal angle of the HOM coupler which is changeable due to the rotatable flange. We define the default position with an angle of 0°(notch filter plate perpendicular to the beam axis). In case of −90°, the capacitive plate of the (primary) notch filter faces the cavity and for þ90°it faces the beam pipe port. For each angle the notch filter has to be readjusted to the right frequency such that the gap distance varies with the angle in a range of AE0.25 mm. This complicates the simulations and causes the deviation from the measured data shown in Fig. 33 for modes in the first dipole band. Measured and simulated results agree well for the TE 111 3=5π mode but for the TE 111 4=5π, it was not possible to differentiate between the two polarizations. This dependency has also been measured for other modes in order to find an optimal angle. Based on the measurements and simulations, an angle of 30°seems to be a good compromise.
VII. CONCLUSIONS
In this paper, we have presented a detailed analysis of HOM couplers foreseen for the high-beta SPL cavities. Several measurements have been performed on copper and niobium cavities in order to characterize and compare their HOM spectra. The relatively low variations of mode frequencies as well as Q factors relax the requirement for the filter passband.
Seven design approaches of HOM couplers have been presented, which differ in the kind of field coupling, notch filter and selectivity, passband characteristic (preferred mode type), robustness and difficulty of fabrication. We have described the design process itself as well as the optimization with respect to the rf transmission, taking into account mechanical limitations throughout. A detailed sensitivity investigation has been presented to emphasize the advantage of a double notch filter on the basis of which the PROBE V3 and HOOK V3 couplers are favored. They do not need any tuning system for the notch filter as they are robust enough against flange tolerances and even against thermal contraction during cool-down [35] . Subsequently, both couplers were slightly modified in order to suppress multipacting in the relevant field range while keeping the rf characteristics.
The thermal behavior of all couplers is very similar and dominated by the heat transfer through the rf cable rather than by the electromagnetic field inside the cavity. A thermalization at 2 K on the coupler tube and further heat intercepts on the rf cable are required to sufficiently reduce the thermal load.
Finally, a 3D-printed prototype of the PROBE V3 design was tested on a copper SPL cavity. The low power measurements at room temperature essentially confirmed the simulated results.
